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Abstract

sensor for the organism.

Stress exposure influences the function, quality and duration of an organism’s life. Stresses such as infection
can induce inflammation and activate the immune response, which, in turn, protects the organism by eliminating the
pathogen. While many aspects of immune system functionality are well established, the molecular, structural and
physiological events contributed by the centrosome remain enigmatic. Here we discuss recent advances in the role
of the centrosome in the stress response during inflammation and the possible benefits of the centrosome as a stress
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The Diversity of Centrosome Locations and Functions

The centrosome is a unique organelle in that it is not bounded
by membrane like other organelles. The membrane-free status of the
centrosome allows dynamic interactions with the cytoplasm, including
its many molecules and organelles. For example, the centrosome
interacts directly with endosomes to regulate endosome recycling
(RE) [1]. The centrosome also coordinates intraflagellar transport
(IFT) trafficking in interphase cells for cilia assembly and in mitotic
cells for spindle pole assembly [2], also recently reviewed in [3,4]. The
centrosome coordinates these and other functions through its ability
to organize distinct MT-based arrays. These include MT nucleation
from poles of the mitotic spindle in the cytoplasm; MT templating and
extension for growth of the primary cilium at the plasma membrane;
MT anchoring during repositioning of the centrosome to a juxtanuclear
location during early stages of cell migration [5], and during movement
of the centrosome to the plasma membrane during centrosome-based
secretion of cytolytic granules during immune synapse formation and
function [6,7].

Centrosome Structures and Their Contributions to Cell
Maintenance

The ability of the centrosome to move to different cellular sites,
interact with and contribute to the organization of different organelles
is mediated by several diverse and intriguing structural elements
of the organelle. First, are the two centriole barrels, which serve as
templates for the assembly of most other centrosome structures. The
central hub within each centriole is comprised of Sas-6 proteins, which
create a cartwheel structure [8] by binding to each of the nine triplet
microtubules of the barrel. The pair of centrioles is asymmetric in
that the mother (older) centriole contains two sets of “appendages”
and associated proteins (Figure 1A). The nine-fold symmetric distal
appendages (DAPs) at the distal end of the mother centriole anchor
this centriole to the plasma membrane during ciliogenesis [9,10], and
immune synapse formation [11] (Figure 1B). The nine-fold symmetric
subdistal appendages (SAPs) partway up the barrel of the centrosome,
nucleate and anchor MTs [12] required for astral MT organization
during spindle pole orientation and recycling endosome (RE) trafficking
[1], respectively. The older centriole is also involved in organizing the
ciliary vesicle, a structure required for ciliogenesis. While the centriole
barrels appear to have similar protein compositions, the protein,
centrobin, appears to be present only at the younger centriole. Lattice
and ring-like structures typify the pericentriolar material (PCM),

which surrounds both centrioles and harbors the gamma tubulin ring
complexes (y TURCs) that nucleate the growth of new microtubules
[13,14].

Centrosome Responses to and Regulation of Cell
Signalling

Extracellular exposure of the cell to mitogenic factors such as
growth hormones activates numerous signaling pathways that, in turn,
promote cell division. The centrosome itself is activated during mitosis
to undergo centrosome maturation, a process that involves dramatic
accretion of centrosome proteins to the pericentriolar material
and a significant increase in MT nucleation and organization. The
centrosome also plays a role as a spatial regulator of Aurora A kinase
to initiate nuclear envelope break during entry into mitosis [15,16].
These dramatic changes in mitotic centrosome function are preceded
by Chkl-dependent signaling [17,18] and accompanied by migration of
the centrosomes toward the opposite sides of the cell [19], culminating
in formation of mitotic spindle poles. We currently know little about
how signaling at the extracellular surface of the cell is transmitted to the
centrosome. We do know that activation of the mitogenic kinase, ERK,
promotes centrosomal MT nucleation and possibly recruitment of the
PCM [20]. Centrosome maturation in mitotic cells requires biochemical
changes in the centrosome such as activation and recruitment of mitotic
kinases (Aurora A, polo like kinase 1, PLK) [21,22]. This results in an
increase in the recruitment of PCM [14,23] and recycling endosomes
[24] with no changes in centriole structure. The question of how signals
are transduced from extracellular stimulation by growth hormones
to convert centrosomes into spindle poles remains an intriguing
question in the mitosis field, especially in light of growing evidence that
centrosome abnormalities during uncontrolled cell proliferation are
associated with carcinogenesis [25].

Another example of cell signaling activation of centrosome function
is through deprivation of nutrients by serum withdrawal from cells.
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Figure 1: The centrosome during fever. A. The centrosome undergoes
dramatic but reversible changes during heat stress. Centrosome structure:
centrioles; DAP, distal appendages; SAP, subdistal appendages; PCM,
pericentriolar material. B. The centrosome docks with its DAPs at the plasma
membrane to template the cilium. C. The centrosome integrity is critical for
ciliogenesis, but the presence of cilium is likely to protect the centrosome from
stress-induced deconstruction. D. Graph, semi-quantitative analysis of the
centrosome integrity from confocal images of centrosomal y tubulin from control
(control, no cilia), ciliated (control, cilia), heat stressed (stress, no cilia), ciliated
and heat stressed (stress, cilia) human RPE cells. Cilia were induced by serum
deprivation for 24 h prior to stress exposure. Cells were heat stressed for 90min
at 43°C, fixed with ice—cold methanol and immunostained with anti- y tubulin
antibody (AATR, prepared as described [44]. To perform the semi-quantitative
analysis, the images were analyzed as in described earlier [28]. Cilia presence
in cells was detected using acetylated tubulin antibody (T 6793 Sigma).

This triggers migration of the centrosome to the plasma membrane
followed by docking at this site via DAPs of the mother centriole. Cilia
assembly is then initiated by templated growth from the tips of MTs at
the distal end of the mother centriole barrel [9] (Figure 1B). A separate
array of MTs is assembled at the PCM via MT nucleation from gamma
tubulin ring complexes (y TURCs) [13]. This class of centrosome-
nucleated MTs is involved in trafficking molecules (dynein) to the base
of the cilium.

Centrosomes at the Immune Synapse

The centrosome is instrumental in the assembly and function of
the immunological synapse (IS). This structure is formed by specialized
interactions between a T cell and an antigen presenting cell (APC)
forged by membrane proteins at the interface of this interaction [26].
These membrane proteins (T cell receptors, TCRs) are organized in a

central concentric molecular ring called the “central supramolecular
activation complex” (SMAC) on the T cell. This specialized region is
surrounded by another SMAC, called the peripheral SMAC, which
contains lymphocyte antigen 1 molecules (LFA-1). This arrangement
ensures strong adhesion of the T cell to the target APC through LFA-1’s
interaction with the intercellular adhesion molecule (ICAM) [26] on
the APC. This cell-cell interaction initiates migration of the centrosome
toward the IS and its subsequent docking at the plasma membrane.
Centrosome docking at the IS is similar to that observed during
ciliogenesis in that it is mediated by binding of the centrosomal DAPs
[11] to the plasma membrane. However, an important difference is that
the docked centrosome does not initiate cilia assembly. Formation of a
cilium requires CP110, a protein of the mother centriole that inhibits
cilia assembly. Only when CP110 is removed from the mother centriole
does a cilium form from the mother centriole. During IS formation,
CP110 remains on the centriole and prevents ciliogenesis [27], a process
controlled by another centriole protein Centrin2 [27].

The Centrosome During Stress

Recent studies have uncovered unexpected dynamic changes
in centrosome structure, localization and function under different
conditions. Recent examples include the increase in PCM and MT
nucleation in interphase cells following infection-mimicking conditions
(Vertii, Doxsey unpublished); centrosome-targeting of molecular
chaperones, which provides protection against exposure to heat shock
[28]. Thus, it is reasonable to suggest that this membrane-free, mobile,
multifunctional organelle, which localizes to numerous intracellular
sites, is a likely target of stress challenges.

Stress factors that were reported to affect the centrosome include
DNA damage and heat. DNA damage initiates DNA repair pathways,
which can affect centrosome function and protein composition
(example, Chkl localization to the centrosome; movement of
centrosome-associated proteins into the nucleus) [4]. In turn,
perturbation of integral centrosome proteins themselves elicits multiple
consequences as illustrated by the long list of human conditions [4]
associated with their inactivation. In addition, centrosome protein
depletion appears to induce a potential intrinsic centrosome stress
that activates classical stress kinases such as p38. This promotes p38
recruitment to the centrosome and results in centrosome-mediated
GI arrest [29]. This is in part through activation of the p53-dependent
checkpoint [29,30]. Thus, the integrity of the centrosome is important
for the health of the cell and cell cycle progression.

Heat Stress and the Centrosome

The paradox of centrosome integrity is in the dramatic but
temporary changes that occur at the centrosome during heat stress.
The detrimental effects of heat shock on the centrosome were reported
two decades ago [31]. Heat stress causes centrosome disruption and full
inactivation of its ability to nucleate M Ts. Cells fail to go through mitosis
and arrest with collapsed or prometaphase-like spindle poles [28] most
likely due to impaired MT nucleation. Centriole structure is altered
under these conditions, as key centriole proteins such as Sas-6 and
others, are lost from the centrosome [28], (Figure 1A). We recently asked
whether heat-induced centrosome damage is a relevant physiological
phenomenon. Similar to the short-term heat shock treatment of cells in
vitro, leukocytes from febrile patients suffer severe loss of centrosome
proteins such as y tubulin. In our experimental system with short-
term heat stress, we observe defects during ciliogenesis, given that the
centrosome is no longer capable of efficient MT nucleation and not
likely to migrate to or dock at the plasma membrane [28]. It is not clear
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however, if previously ciliated cells in febrile patients are affected by
this treatment. Our observation suggests that the presence of the cilium
might have a protective effect on the centrosome during stress exposure
(Figure 1C and 1D). However, it is not clear how this protective effect
is mediated. Centrosome disruption during fever might be an adaptive
reaction for inactivating spindle poles to prevent abnormal DNA
segregation during mitosis, especially given the potential dysfunction
of multiple proteins following heat-induced denaturation. Alternatively,
it might simply provide the cell with extra time to recover its functional
protein pool before re-initiating cell division. Another, perhaps more
important consequence of centrosome inactivation during fever is its
inability to move to the IS [28] to organize IS [32] and perform the
essential function of secreting cytotoxic vesicles to lyse target cells [11].
Similar to heat-induced defects in mitotic spindle poles and cilia, this is
likely due to MT defects. However in this case, centrosome inactivation
interferes with the immune response. Typically, during infection, the
innate and the adaptive immune systems are activated simultaneous
with the febrile condition. Thus, centrosome inactivation is likely one
of the ways to inactivate/inhibit the immune response. In this regard,
the successful formation of the IS between APC and the CD4+ T cell
results in activation of both participants (CD4+ T cells and APC) of the
IS. More specifically, activation of the CD4+ T cell leads to interleukin 2
(IL2) cytokine secretion [33]. IL2 further activates the immune response
and IL2 production is mediated by the NFkB pathway [34]. The NFkB
protein complex consists of the transcription factors, RelA and p50,
that form dimers that translocate to the nucleus upon activation to
control essential processes such as cytokine production, cellular growth
and survival to name a few. Interestingly, the IkappaB kinase (IKK)
complex, which is upstream of NFkB, localizes to the centrosome
suggesting that it may function at this site [35]. In this regard, it
would be interesting to test whether centrosome inactivation at the IS
attenuates T cell-mediated IL-2 cytokine production. It is likely that the
centrosome acts as a modulator of NFkB pathway activity upstream of
RelA translocation to the nucleus and cytokine translation. Although
centrosome migration to the IS is MT dependent, the centrosome in
this case likely acts as a modifier of stress-related signaling pathways
in the cell. Together with p38 MAPK activation example [29] this
illustrates centrosome-dependent stress signaling modification. It is
obvious that in addition to MT organization and trafficking to the IS,
where centrosome-dependent intraflagellar transport protein 20 (IFT)
and RE ensure recycling of the IS receptor, TCR [32], the centrosome
modifies stress signaling and appears to be an active participant in the
immune response. The phoenix-like deconstruction and restoration of
the centrosome during fever might be a way to modulate a number of
signaling events in the cell during the immune response.

These emerging areas of centrosome biology are primed by extensive
studies on the primary cilia, where the basal body substructure of the
centrosome regulates signaling pathways by coordinating trafficking and
degradation of their components by centrosome-associated proteasome
complexes [4]. In fact, the centrosome harbors active proteasomes
[28,36] that are responsible not only for degradation of signal pathway-
regulating substrates [37], but also for protein quality control [38-40]
and for elimination of defective proteins [36,41]. Centrosome-bound
proteasomes also degrade centrosome proteins during fever-induced
centrosome inactivation [28]. Of particular interest is the observation
that such degradation during fever is centrosome-specific in that it
does not affect membrane-bound organelles or other non-membranous
organelles such as kinetochores or midbodies. This striking specificity
of centrosome self-deconstruction during general stress (heat shock)
suggests that the centrosome is a major stress sensor (omitted ‘organelle’)
and key stress regulator. Consistent with these observations, is the notion

that molecular-chaperones, such as Hsp70, localize to the centrosome
immediately after stress exposure and they play an indispensable role
in centrosome repair. Recovery of the centrosome occurs within 14-24
hours after heat stress. Precisely how the centrosome is repaired and if
this process is similar or different from centrosome duplication is not
known. One possibility is that a template remains after heat stress that
is capable of initiating centrosome recovery with the help of Hsp70.
However, based on the centrosome markers that have been tested so
far, only acetylated tubulin [28] exhibited no detectable changes after
heat stress. Centrosome self-deconstruction can be prevented by
the presence of active Hsp70 at the centrosome, and as pointed out
earlier, self-deconstruction is specific to the centrosome and does
not result from general protein denaturation/degradation. A further
demonstration of centrosome specific protein loss following heat stress
is the observation that centrosome-bound septin 7 was lost, whereas
the same protein when associated with the midbody was retained [28].

The notion that the centrosome has an emerging role in the
immune response, is further supported by the observation that human
patients with mutations in the centrosomal PCM gene, pericentrin/
Pent exhibit defects in the immune response during childhood and
have manifestations of skin disease and defective wound healing in
adulthood [42]. In this context, the observation that heat stress induced
defects in cytotoxic T cell killing of target cells, which is accompanied
by centrosome defects [43], implies that the centrosome may be a key
organelle for T cell activation. A better understanding of the role of the
centrosome in the immune response and cytokine production is likely
to lead to new frontiers in the treatment of immune disorders such as
over-reactivity of the immune system, termed the “cytokine storm’, and
autoimmunity.
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